The reaction products formed during the decolorization of the sulfophthalocyanine textile dyes Reactive blue 15 (RB15) and Reactive blue 38 (RB38) by the white-rot fungus Bjerkandera adusta were analyzed by high-performance liquid chromatography with diode array detection and with liquid chromatography^electrospray ionization^tandem mass spectrometry. Sulfophthalimides (SPI; 3 and 4) were identified as major metabolites by comparison with synthesized reference compounds. SPI was formed from both dyes in fungal cultures and by incubation with its purified manganese peroxidase and lignin peroxidase. Quantitative assessment of the SPI formed from RB15 accounted for approximately 60% of the theoretical amount. ß
Introduction
The sulfophthalocyanine (SPC) system is, besides azo, anthraquinone and heterocyclic dyes, an important chromophore used in textile dyeing. SPC dyes are among those dyes resistant against aerobic as well as anaerobic bacterial degradation [1, 2] and the phthalocyanine (PC) system is, moreover, quite stable even in so-called advanced oxidation processes such as TiO 2 /UV, Fenton-and photo-Fenton-reagent [3] . Sulfonation of the PC system further stabilizes the SPC dyes as it renders the aromatic system even less amenable to bacterial oxidation [4] .
Nevertheless, white-rot fungi have been shown to decolorize even SPC dyes: in a ¢rst report, the decolorization of copper-PC tetrasulfonate with seven di¡erent strains of wood-rotting fungi was shown [5] . The decolorization of two reactive SPC dyes, Reactive blue 15 (RB15) and Reactive blue 38 (RB38), by Bjerkandera adusta, Trametes versicolor and Phanerochaete chrysosporium was shown by Hein£ing et al. [6] . Meanwhile, T. versicolor has been immobilized in ¢xed bed reactors and used to decolorize a SPC dye in repeated batch mode [7] .
Various isolated lignolytic peroxidases from white-rot fungi are capable of decolorizing SPC dyes : RB15 was oxidized by lignin peroxidase (LiP) from P. chrysosporium [8] and LiP from B. adusta [9] . A manganese peroxidase (MnP) capable of decolorizing RB15 and RB38 was puri¢ed from B. adusta [10] .
While these previous investigations have shown that SPC dyes can be decolorized by white-rot fungi and their peroxidases, the degradative pathway and potential metabolites remained unknown. However, knowledge of the metabolites would improve our understanding of how white-rot fungi break up these chemically stable and complex structures. Moreover, metabolite identi¢cation is essential before one can think of utilizing this decolorization potential in a treatment process.
We here report the identi¢cation of the major metabo-lite of the treatment of SPC dyes with B. adusta and its puri¢ed peroxidases by liquid-chromatography^tandem mass spectrometry (LC^MS/MS).
Materials and methods

Chemicals and reagents
RB15 (C.I. 74459) was purchased from Aldrich (Steinheim, Germany) and RB38 was a gift from Dystar (Frankfurt, Germany). Both dyes were technical products of unknown purity.
Sulfophthalimides (SPIs) were synthesized according to a method for the non-sulfonated analogue [11] : 10 g of 4-sulfophthalic acid triammonium salt (technical grade, with up to 25% of the 3-isomer ; Aldrich, Milwaukee, WI, USA) were placed in an open £ask and heated in an oven at 200³C for approximately 24 h until the weight was constant. The gray product was extracted with 50 ml of water and the extract evaporated to dryness with a rotary evaporator. The gray remainder was dissolved in a few milliliters of hot water. Isopropanol was added until the solution became turbid and crystallization was completed at 38³C. From this mixture of 3-SPI and 4-SPI ammonium salt, the 3-SPI isomer was isolated by recrystallization with an isopropanol/water mixture (8/2, v/v) as white needles; the structure was con¢rmed by 1 H-nuclear magnetic resonance measurement. Both products, the 4-SPI/3-SPI mixture and the pure 3-SPI were virtually free from impurities detectable by high-performance liquid chromatography (HPLC) with UV-detection.
Microorganism, culture conditions and degradation studies
B. adusta B ( = DSM 11310) was grown as described previously [6] . For degradation studies, 500-ml Erlenmeyer £asks that contained 120 ml glucose ammonia medium were inoculated with 5% (v/v) homogenized and washed mycelium from 10-day-old cultures grown in 1% malt extract (pH 5.5). Two days after inoculation, 200 mg l 31 dye were added and the cultures were agitated at 70 rpm at room temperature.
Enzyme preparations and enzymatic dye-decolorization
MnP and LiP from B. adusta were puri¢ed by anionexchange adsorption and anion-exchange chromatography [10] . Reaction mixtures for dye-decolorization by MnP contained RB15 or RB38, 0. 
HPLC with diode-array detection
The system used for HPLC-diode array detection (DAD) consisted of two Model 515 pumps, a model 996 photodiode-array detector, a model 717plus autosampler (all from Waters, Eschborn, Germany) and it was controlled by the millenium chromatography manager. A Spherisorb S5 ODS2 column (4.6U250 mm) with a 5 mm precolumn of the same material was used for separation. Samples were ¢ltered through 0.45-Wm pore size membrane ¢lters (IC-Acrodisc, Waters). Eluent A was pure water and eluent B was 90% methanol (gradient grade; Merck, Darmstadt, Germany), both with 10 mM ammonium acetate (Fractopure; Merck). The elution gradient was as follows : 0 min 100% A, 8 min 100% A, 48 min 100% B, 50 min 100% B, 52 min 100% A, 60 min 100% A, with a £ow rate of 1 ml min 31 and the column operated at room temperature. A 50-Wl volume of the ¢ltered solutions was injected. For quanti¢cation of SPI, 0.1% tri£uoro acetic acid instead of ammonium acetate was used as additive ; then retention times of 3-and 4-SPI were 8 and 10 min.
HPLC-mass spectrometry
LC^MS/MS analyses were performed with a Quattro LC triple-stage quadrupole-mass spectrometer (Micromass, Manchester, UK) with the Z-spray interface equipped with the electrospray probe, and a HP1100 (Hewlett-Packard) liquid chromatographic system. Mass spectrometer and DAD were used in parallel. Instrumental details are given elsewhere [12] .
Separation of analytes was performed on the column used for HPLC^DAD with the same eluents and £ow rate at 30³C column temperature. Here, the elution program was: 0 min 100% A, 8 min 100% A, 16 min 25% B, 18 min 100% B, 20 min 100% B, 21 min 100% A, 26 min 100% A. A 10-Wl volume was injected onto the column and the column e¥uent was split with approximately 20% introduced into the mass spectrometer and 80% directed to the DAD.
The mass spectrometer was operated in the negative mode, with the probe capillary voltage set to 3.25 kV and held at 400³C. The cone voltage was set to 43 V and source temperature was 120³C. In single-MS mode, scans of m/z 100^400 were recorded with a scan rate of 2 s. In the MS/MS-mode, product ion scans of m/z 226 from m/z 20 to m/z 300 at a scan rate of 5 s were performed; the collision energy was 20 eV.
Results and discussion
Formation and identi¢cation of metabolites
In order to detect biodegradation intermediates or stable metabolites yielded during oxidation of the PC dyes RB15 and RB38, these dyes were decolorized by isolated peroxidases or B. adusta cultures and then analyzed by HPLC^DAD. The chromatograms in Fig. 1 show that decolorization with the puri¢ed peroxidase MnP (Fig.  1b,e) yields the same product spectrum as after decolorization with the B. adusta cultures (Fig. 1c,f) for each of the SPC dyes, RB15 (Fig. 1, left) or RB38 (Fig. 1, right) . Identical chromatograms were also obtained upon incubation with LiP (not shown). In all cases, the reaction mixture is dominated by two peaks (No. 1 and 2), which are likely to originate from the SPC-core, as the core is identical for both dyes. These two compounds may correspond to the two unidenti¢ed metabolites that have recently been reported to occur in the supernatant of SPC dye degradation with P. chrysosporium [13] . For both dyes, further chromatographic signals are recognized at longer retention times (14^22 min; Fig. 1 ), which may be formed from the 3 ) and spectra of the respective peaks were recorded by collision-induced dissociation of the molecular anion.
SPC-subunit bearing the reactive side chain or from the side chain itself.
It is known that the treatment of PCs with chemical oxidants yields phthalimides: phthalimides and chlorophthalimides have been detected after oxidation of PC and chlorinated PC with dichromate [14] , while 3-and 4-SPI were generated from SPC by oxidation with nitric acid [15] . We thus hypothesized that SPI may also be formed by the action of peroxidases of white-rot fungi on SPC dyes. LC^electrospray ionization^MS was used to compare the two isomers of SPI reference material (3 and 4) with the products formed by the treatment of RB15 and RB38 with MnP from B. adusta (Fig. 2) . The peaks obtained for the molecular anion of the SPI (m/z 226) from the decolorization of RB15 with MnP (Fig. 2b) coelute with the synthesized reference material (Fig. 2a) . Moreover, their product ion mass spectra obtained by collision-induced dissociation experiments of the molecular anions (m/z 226) exactly match those obtained for the reference material (Fig. 2) . The same is true for the products formed from RB38 (spectra not shown). The 3-and 4-SPI isomers can be well distinguished by their mass spectra (Fig. 2) ; these fragmentations have been discussed in more detail elsewhere [12] .
Thus, these LC^MS/MS analyses prove, that 3-and 4-SPI are formed from SPC dyes, such as RB15 and RB38, by the action of peroxidases from the white-rot fungus B. adusta. In this particular example, the fungal oxidation products correspond to those obtained by strong chemical oxidants such as dichromate [14] or nitric acid [15] .
Time course of SPI formation and quantitative analysis
The time course of metabolite formation during decolorization of the dyes by B. adusta cultures shows that 3-and 4-SPI appear, while the color of the dye RB15 disappears (Fig. 3) . The isomeric ratio of 3-to 4-SPI in the reaction mixture is about three to one (see also Fig. 1b) . After decolorization of the dye is completed (50 h), the amount of SPI remains stable until 120 h, suggesting that SPI is not further metabolized by B. adusta. The same was found for the decolorization of RB38 (not shown).
The ¢nal reaction scheme suggested from the above results is displayed in Fig. 4 . It implies that 3 mol of SPI are liberated from 1 mol of SPC dye by the action of peroxidases from white-rot fungi such as B. adusta, while the SPC-subunit bearing the reactive side chain provides yet unknown reaction products. The ¢ssion of the SPC core would also liberate the central metal ion usually complexed in the SPC dye; this has recently been observed for copper bound in the SPC dyestu¡ Remazol turquoise blue upon treatment with P. chrysosporium [16] .
A quantitative assessment of SPI liberated from 16 Wmol l 31 of RB15 upon decolorization by MnP from B. adusta resulted in the ¢nding of 29 Wmol l 31 of SPI. This corresponds to approximately 60% of the amount expected from the scheme shown in Fig. 4 (48 Wmol l 31 ). This limited agreement may be due to incomplete oxidation of SPC, to other degradation pathways or inaccurate speci¢cation of the dye content of the technical mixture by the supplier. In the case of RB38, the dye content of the technical mixture was unknown and therefore a balancing was not possible. These results con¢rm that the color removal upon incubation of SPC dyes with the white-rot fungus B. adusta is due to the ¢ssion of the SPC core of the dyes. This may be a key step towards a complete microbial degradation of SPC dyes, since the oxidation products are much more polar and of lower molecular mass, two properties generally favoring microbial degradation. Furthermore, it is to be assumed that other SPC dyes than RB15 and RB38 are degraded along the same pathway.
